Abstract: Fusarium virguliforme is the cause of sudden death syndrome in soybean. Physiological variability among isolates of the fungus is unknown. One way to measure physiologic variability is to analyze growth on different carbon sources. The carbon source utilization profiles of 18 F. virguliforme isolates were examined using the Biolog FF 96-well microplate, which contains 95 different carbon sources. The utilization of dextrin, D-mannitol, maltotriose, D-lactic acid methyl ester, N-acetyl-D-galactosamine, salicin, D-trehalose, and L-alanine differed significantly among isolates (P = 0.05). Carbon sources were grouped into 3 clusters based on their ability to promote growth of F. virguliforme, after calculating Euclidean distances among them. About 12% of the carbon sources promoted a high amount of mycelial growth, 39% promoted a medium amount of growth, and 49% promoted a low amount of mycelial growth; the latter was not significantly different from the water blank control. A hierarchical tree diagram was produced for the 18 isolates based on their carbon source utilization profiles using Ward's hierarchical analysis method. Two main clusters of isolates were formed. One cluster represented greater average mycelial growth on all of the carbon sources than the other cluster. In this study, variability in carbon source utilization among F. virguliforme isolates was evident, but the results were not associated with geographic origin of the isolates, year collected, or published data on aggressiveness. Additional research is needed to determine if these carbon utilization profiles are associated with other biological characteristics, like spore germination, propagule formation, and saprophytic competitiveness.
Introduction
Fusarium virguliforme causes soybean sudden death syndrome (SDS) (Rupe and Hartman 1999) . SDS was first reported in Arkansas in 1971, and in the past few decades, the pathogen has spread to the northern region of the United States (Rupe and Hartman 1999) . Soybean yield losses can range from slight to 70%, depending on when the onset of symptoms occurs (Hartman et al. 1995) . Substantial yield re-ductions caused by SDS in the United States occurred in the late 1990s (Wrather et al. 2001) .
Symptoms of SDS on soybean may appear from early to late in the growing season. Foliar symptoms begin as small chlorotic spots on leaves that progress to interveinal necrosis, and often leaves, but not petioles, abscise from the plant. Infected roots are often poorly developed and rotted. The outside of the roots often is bluish in color because of the mass of macroconidia produced by the fungus on the infected root (Rupe and Hartman 1999) . Isolates of F. virguliforme have variable cultural morphology on potato dextrose agar and develop chlamydospores by various means (Li et al. 1998) .
Differences in aggressiveness on soybean among isolates have been reported. One study found no significant interaction between isolates and soybean genotypes for foliar disease symptoms, but revealed significant differences among the isolates for the ability to produce foliar symptoms (Hartman et al. 1997) . Another study found significant differences among isolates in their ability to produce root and foliar symptoms on a single soybean genotype (Li et al. 2009 ). Differences in aggressiveness among F. virguliforme isolates in producing disease symptoms on plants may be due to physiological differences. In a comprehensive study that evaluated morphological, physiological, and genetic variability among isolates of Fusarium species (Llorens et al. 2006) , there were significant differences among the isolates of Fusarium spp. in the production of the mycotoxins zearalenone and type B trichothecenes; however, as with other mycotoxins, these are not known to be involved in pathogenesis.
In addition to the characterization of the production of specific compounds among isolates, the utilization of compounds may be compared. Carbon source utilization measurements have been studied in fungi, such as Trichoderma reesei and Dendryphiella arenaria, with the Biolog 96-well FF microplates (Biolog, Inc., Hayward, California), which contain 95 different carbon sources and a water blank control (dela Cruz et al. 2006; Druzhinina et al. 2006) . These studies have shown the simplicity of using Biolog microplates for characterizing carbon source utilization among different fungi, making it a useful tool for comparative physiological studies between and among fungal species.
The objective of this study was to compare the carbon source utilization profiles of 18 different F. virguliforme isolates to determine if the isolates can be differentiated based on their carbon source utilization. The data for the carbon source utilization profiles were used to discuss what was known about these isolates from a previous study on pathogenic variation (Li et al. 2009 ).
Materials and methods

Macroconidia production
Eighteen F. virguliforme isolates (Table 1) and one Fusarium solani f. sp. pisi isolate were studied. These isolates were collected from different geographic regions and were acquired in different years. All of these isolates were previously reported in a study on pathogenic aggressiveness (Li et al. 2009 ). Fungal cultures were maintained on 2% water agar (m/v) at 4 8C. Mycelial plugs (4 mm in diameter) of each isolate were transferred onto potato dextrose agar (BD, Franklin Lakes, New Jersey) plates (100 mm in diameter Â 15 mm in height) and incubated in a Class II biological safety cabinet, SterilGARD III (The Baker Company, Sanford, Maine) at 25 8C. A standardized suspension of macroconidia for each isolate was prepared after washing and collecting macroconidia from each potato dextrose agar culture with a sterile pipette and sterile distilled water, quantifying a 1/100 serial dilution of the base suspension with a hemacytometer, and diluting to 1.0 Â 10 5 spores/mL.
Carbon utilization
Each isolate was tested on 2 replicate Biolog FF microplates following the Biolog protocol (Biolog Inc.). Each microplate was covered with the provided lid and incubated at 26 8C in the dark for 4 days. After 4 days of incubation, the FF microplates were read with a mQuant TM Microplate Spectrophotometer (Bio-Tek Instruments, Inc.) using a wavelength of 750 nm to measure mycelial growth. Optical density (OD) values were recorded using the Gen5 software provided. The experimental design was a completely randomized design. The experiment was repeated over time.
Data analysis
The OD values were analyzed using JMP (version 7, SAS Institute Inc., Cary, North Carolina) in a 2-way analysis of variance with carbon source and isolate as the factors. kMeans cluster analysis (Statistica 7.0, Statsoft, Inc.) was used to group the carbon sources based on the fungal growth of each isolate. Cluster analysis was used to group fungal isolates using hierarchical clustering with Ward's method (Statistica 7.0) after calculation of Euclidean distances to compare the similarities in carbon source utilization among isolates. (Li et al. 2009 ).
Results
Carbon source variation
There was a significant isolate by carbon source interaction (P < 0.001), indicating that there was differential growth of the isolates on the carbon sources. Eight carbon sources, dextrin, D-mannitol, maltotriose, D-lactic acid methyl ester, N-acetyl-D-galactosamine, salicin, D-trehalose, and L-alanine, produced significant growth variation among the fungal isolates. The greatest fungal growth variation occurred on D-mannitol, maltotriose, D-trehalose, and salicin (Table 2 ). For example, on D-mannitol, isolate MO1 had an OD value of 0.842 while isolate i65 had an OD value of 0.362. On maltotriose, isolate i12 had an OD value of 0.961 while isolate i65 had an OD value of 0.350. All isolates grew well on L-alanine. On the other hand, poor growth occurred on N-acetyl-D-galactosamine and D-lactic acid methyl ester (Table 2) .
k-Means cluster analysis found 3 main clusters of carbon sources based on fungal growth (Table 3) . Cluster 1 contained 47 carbon sources on which there was a low amount of mycelial growth, with OD values ranging from 0.100 to 0.360, and included mycelial growth in the water blank control, which had an OD value of 0.210. Cluster 2 contained 37 carbon sources on which there was an intermediate amount of mycelial growth, with OD values ranging from 0.360 to 0.850. Cluster 3 contained 11 carbon sources on which there was a high amount of mycelial growth, with OD values ranging from 0.850 to 1.400. From the 8 carbon sources that were utilized differentially among the 18 isolates, D-lactic acid methyl ester produced the least mycelial growth based on the k-means cluster analysis; dextrin, Dmannitol, maltotriose, N-acetyl-D-galactosamine, salicin, and D-trehalose produced an intermediate amount of mycelial growth; and L-alanine produced a high amount of mycelial growth (Table 3) .
Carbon source variation among F. virguliforme isolates
The F. virguliforme isolates were grouped into 2 main clusters and F. solani f. sp. pisi was placed in a separate cluster (Fig. 1a) based on their utilization of the 8 carbon sources that differentiated the isolates the most. Cluster 1 contained Mont-1, MO1, i12, Pi1, i45, i50, i96, and i501, while cluster 2 contained Can1, Carlock, i94, MO3, i98, i171, i447, F1-30, i9, and i65. When comparing the 2 main clusters, there was no association of the isolates to the year collected or the geographic origin. However, isolates in cluster 1 had significantly (P 0.01) higher overall growth on the carbon sources, based on a paired t test comparison (P = 0.05), than isolates in cluster 2. The mean OD reading for growth was 0.550 for cluster 1 and 0.430 for cluster 2 (Table 4) .
Grouping isolates for their utilization of carbon sources that promoted high mycelial growth based on the k-means cluster analysis (Fig. 1b) , indicated that isolates Mont-1, MO1, F1-30, i98, MO3, i50, i96, i447, i171, i501, i12, Pi1, and i45 were clustered together (cluster 1) and that isolates Can1, Carlock, i65, i94, and i9 were clustered together with F. solani f. sp. pisi (cluster 2). When comparing the 2 clusters, there was no association of the isolate with the year collected or with the geographic origin. However, isolates 
Note:
Optical density values are listed in parentheses. in cluster 2 had lower mycelial growth on turanose, D-xylose, L-ornithine, and L-pyroglutamic acid (Table 5) .
Discussion
Soil microbial communities often are incredibly diverse. Fungi make up a large part of this community and serve many roles from organic matter decomposers, to parasites, to being hosts for plants that parasitize them (Leake 2005) . Researchers have used carbon sources to distinguish fungi in ecological niches, to determine taxonomic differences, and to differentiate strains within species. For example, 11 fungal taxa, and shifts in community and structure, have been found in response to baiting soil with cellulose, glycine, lignin, sucrose, and tannin-protein (Hanson et al. 2008) . Carbon source utilization has also been shown as a factor in differentiating pathogenic and saprophytic strains of F. oxysporum (Couteaudier and Alabouvette 1990) .
Cluster analysis of carbon source utilization measurements has been used to distinguish 2 species of marine fungi (dela Cruz et al. 2006) and to differentiate wilt type, mutant, and transformed strains of Hypocrea jecorina . Our study demonstrated the utility in using carbon source utilization measurements to distinguish F. virguliforme isolates.
Out of the 95 carbon sources tested, 8 carbon sources were differentially utilized among the 18 isolates tested. Some of these 8 carbon sources occur in plants, possibly soybean, and may be key nutrient sources for the pathogen during infection of its soybean host. For example, D-mannitol is converted to fructose-6-phosphate through a mannose-6-phosphate intermediate during glycolysis (Joersbo 2001) . Trehalose is synthesized by both fungi and plants and is involved in intracellular sugar signaling in plants (Ingram and Bartels 1996) . High levels of trehalose are found in plants adapted to arid environments because it helps protect plant cells from the effects of desiccation (Ingram and Bartels 1996) . N-Acetyl-D-galactosamine is 1 of 8 essential sugars found in plants, and low levels inhibit formation of glycoproteins, which are important for proper cell-to-cell communication (Lis et al. 1970) . Dextrin, salicin, and L-alanine are also found in plants. Alanine is an amino acid constituent of proteins.
Unlike most plants, fungi are heterotrophic and cannot synthesize organic carbons by photosynthesis but must acquire carbon through parasitism or saprophytism or both in the case of facultative parasites such as F. virguliforme. Fungi store carbohydrates in the form of glycogen (Lomako i12, Pi1, i45, i50, i96, and i501; cluster 2 contains F. virguliforme isolates Can1, Carlock, i94, MO3, i98, i171, i447, i9, and i65 . Values are the mean optical density measurements. Values in bold indicate carbon source utilization was significantly different (P < 0.05) between cluster 1 and cluster 2 isolates. et al. 2004) . Glycogen utilization in this study was equal among the F. virguliforme isolates and promoted intermediate growth. On the other hand, maltotriose utilization, which is one of the essential sugars employed in yeast fermentation (Zastrow et al. 2000) , differed significantly among the isolates (P = 0.05), possibly indicating differences in saprophytic capacities. The presence of mannose, galactose, glucose, and glucuronic acid in cell walls is variable among Fusarium species (Ahrazem et al. 2000) , and utilization of these was also variable among the F. virguliforme isolates in our study. Fusarium virguliforme isolates may be fingerprinted by exploiting their differential utilization of D-lactic acid methyl ester, similar with other microbes that have specific fatty acid methyl ester profiles (Cavigelli et al. 1995) . Further research work is warranted to evaluate F. virguliforme isolates for growth or even suppression of growth by specific carbon sources or their combinations over a longer period of time to determine the influence of these carbon sources not only on vegetative growth but also on propagation in culture. Isolates that utilize these carbon sources differentially may have a selective advantage or disadvantage over other isolates in certain environments. Although we did not observe an association of our isolate groups based on differential use of carbon sources with pathogenic variation of these isolates (Li et al. 2009 ), that may be because these carbon sources are not directly related to pathogenicity but may have more to do with specific ecological niches that may favor one carbon source utilization group over another. Additional research may help to determine if carbon source utilization profiles relate to certain ecological niches in the environment.
Fungi and other organisms may require certain carbon sources for spore germination. Glucose and trehalose have been found to encourage spore germination in F. solani; however, germination is slower in the presence of trehalose compared with glucose, while mannitol is found to be a requirement (Cochrane et al. 1963) . Fusarium virguliforme spore germination has been shown to be stimulated by aldehydes, fatty acids, or flavonoids, and under some conditions, may even require ethanol or serine to germinate (Leslie and Summerell 2006) . Flavonoids exuded from legume roots stimulate spore germination of F. solani (Bagga and Straney 2000) . Fusarium solani f. sp. phaseoli chlamydospore germination is high during the first 10 days in the absence of carbon but declines significantly when the endogenous carbon loss reaches 63% (Mondal et al. 1995) . Although our study did not directly investigate spore germination nor propagule formation under different carbon sources, future research in this area is warranted and may show additional differences among strains of F. virguliforme. Note: Data are the mean optical density measurements. a Carbon sources that were in cluster 3 from the k-means analysis (see Table 3 ). These carbon sources were found to promote high mycelial growth, with average OD values above 0.851.
